Bile acids' play a fundamental role in lipid metabolism. They solubilize the products of lipolysis thereby facilitating digestion of triglycerides and the absorption of monoglycerides and fatty acids, and their presence is mandatory for the absorption of cholesterol and the fat-soluble vitamins. The enterohepatic circulation of bile acids ensures that adequate concentrations of these biological detergents are available when needed in the intestinal lumen.
This paper, therefore, begins by reviewing the normal enterohepatic circulation of bile acids as illustrated by studies in the rhesus monkey. The influence of diet and particularly of dietary fat on this circulation is then discussed with emphasis on some further recent studies in the monkey which suggest a possible mechanism for the hypocholesterolaemic action of polyunsaturated fats. Finally, some effects of interrupting the bile acid enterohepatic circulation are considered. These include the development of hyperoxaluria and occasionally renal oxalate stone formation, and the formation of a bile supersaturated with cholesterol and the subsequent development of cholesterol gallstones.
The Enterohepatic Circulation of Bile Acids
The normal bile acid enterohepatic circulation is illustrated diagrammatically in figure 1.
The primary bile acids, cholic acid and chenodeoxycholic acid (fig 2) are synthesized in the liver from cholesterol and after conjugation with the amino acids glycine and taurine are temporarily stored and concentrated in the gallbladder. Then, in response to a fatty meal, the bile acids pass into the upper intestine where they play their important role in promoting the digestion and absorption of fat. Reabsorption of bile acids occurs mainly in the ileum by an active transport mechanism, and they return to the liver via the portal vein thus completing the enterohepatic circulation. The intestinal absorption ' The terms 'bile acids' and 'bile salts' are used loosely and interchangeably. The extent to which a bile acid is present as an undissociated acid or as an ionized salt depends on the pKa of the individual bile acid and the environmental pH. of bile acids is extremely efficient, about 95 to 98 % of the total circulating bile acids being absorbed each day. Only a small quantity escapes reabsorption and is excreted in the faeces so that, to maintain the status quo, the liver has only to synthesize enough bile acids to match the faecal loss.
The primary bile acids, cholic acid and chenodeoxycholic acid (fig 2) , are first deconjugated and then further metabolized by intestinal bacteria which remove an hydroxyl group from the 7-position of the steroid molecule, thus forming deoxycholic acid from cholic acid, and lithocholic acid from chenodeoxycholic acid. Lithocholic acid is highly insoluble and is largely excreted in the stools, presumably in a crystalline form adherent to dietary fibre. In contrast, deoxycholic acid is partially reabsorbed from the colon and passes to the liver where it is conjugated with glycine or taurine before joining the primary bile acids already present in the enterohepatic circuit. There are thus six major bile acids in human bile-the glycine and taurine conjugates of cholic, chenodeoxycholic, and deoxycholic acids. In any studies of bile physiology, involving cannulation of the bile duct for more than a few hours, there is necessarily an interruption of the enterohepatic circulation which itself will disturb normal bile chemistry. The development of an experimental model, which has been used to study bile physiology in the rhesus monkey (Dowling, Mack, Picott, Berger, and Small, 1968; Campbell, Burgess, Roberts, |l-DROPPERRUM 'washout' technique based on bile fistula studies which is suitable for experimental animals.
1 The isotope dilution technique (Lindstedt, 1957) This involves administration of bile acid radioisotopes either orally or intravenously, which are assumed to be uniformly distributed in the endogenous circulating bile acid pool. Duodenal intubation is then performed daily for a four-or five-day period, and the decline in bile acid specific activity plotted against time. On a semi-logarithmic plot a straight line is obtained, indicating first-order kinetics, and by extrapolation of this line to zero time, the initial specific activity is obtained. Knowing the amount of radioactivity administered to the patient, the bile acid pool size may be calculated.
2 The washout technique (Eriksson, 1957 , as modified by Myant and Eder, 1961) The principles of this technique are illustrated diagrammatically in figure 5. Immediately after the insertion of a cannula in the common bile duct, the bile acid secretion rate is initially maintained by bile acids which were present in the enterohepatic circulation at the time of fistulation. The secretion rate then falls rapidly to reach a low point, which is thought to represent the basal rate of hepatic bile acid synthesis. The amount of bile acids secreted from the time of insertion of the cannula until the low point is reached provides a direct measure of the bile acid pool. the enterohepatic circulation may be integrated is illustrated in fig. 6 which shows the bile acid secretion rate, synthesis, and pool size in one animal with varying degrees of interruption of the enterohepatic circulation. As the percentage of bile diverted increased from 5 to 20, synthesis increased to maintain both pool size and secretion rate essentially unchanged. With greater than 33.3 % biliary diversion, synthesis, although working maximally, was no longer adequate to compensate for bile acid loss, and as a result there was progressive depletion of both bile acid pool size and secretion rate.
Effect of Diet on the Enterohepatic Circulation of Bile Acids
In studies of the enterohepatic circulation of bile acids in two different centres (Dowling, Mack, and Small, 1970; Campbell et al, 1972a ) marked differences in bile volume and bile dcid secretion were found in animals given two different diets (Campbell, Cowley, and Dowling, 1972b) . In monkeys given one type of commercial diet (Purina monkey chow) high in fat and calories, both bile volume and bile acid secretion were significantly greater than in animals fed a second commercial diet (diet 41B) with a lower fat and calorie content. When the diets were interchanged between the two groups of animals, the higher fat diet again stimulated both bile volume and bile acid secretion, though there was no change in the size of the bile acid pool.
The effects of supplementing the low-fat diet with individual additives of different lipids were then studied. When the basic low-fat diet was supplemented with the monounsaturated olive oil, so that the total fat intake matched that of the high fat diet, there was no effect on either bile volume or bile acid secretion. However, when the fat supplement was in
The enterohepatic circulation of bile acids as they relate to lipid disorders°-.°r and bile acid secretion (6-98 ± 0-46 increasing to 9-38 ± 0-76 mmol/24 hr). The greater bile acid secretion rate was not associated with any change in bile acid concentration, but was due to a greater bile volume associated with more frequent circulation of the bile acid pool (9-3 times/24 hr on the low fat diet and 11-4 times/24 hr when the diet was supplemented with corn oil- fig 7) .
Most previous investigators have found that corn oil feeding, either in experimental animals or in man, promotes increased faecal bile acid excretion. Assuming that the intestine absorbs the same proportion of bile acids each circuit, the principal factor governing faecal bile acid excretion is therefore the frequency ofcirculation of the bile acid pool. The more frequent enterohepatic cycling produced by corn oil feeding, therefore, could well explain the increased faecal bile acid excretion found in previous studies with polyunsaturated fats. In the steady state any increase in faecal bile acid excretion must be matched by a parallel increase in hepatic bile acid synthesis. To test the hypothesis that corn oil feeding can directly stimulate bile acid synthesis, corn oil supplements were fed to monkeys in which bile acid synthesis had previously been maximally induced by 33 % bile diversion. In this situation there was no increase of bile acid secretion rates.
These dietary studies in the Rhesus monkey, therefore, provide indirect evidence that the hypocholesterolaemic action of polyunsaturated fats such as corn oil may be mediated, at least in part, by a more frequent cycling of the bile acid pool with a resultant increase in faecal bile acid loss, a parallel increase in bile acid synthesis and hence in the catabolism of cholesterol. 
Effect of Distal Small Bowel Resection on the Bile Acid Enterohepatic Circulation
The effect of resection of the distal one-or twothirds of the small bowel is illustrated in figure 7 . The removal of the ileum with its active bile acid transport system stimulated bile acid synthesis, but the fall in the percentage of bile acids reabsorbed was such that the net secretion rate was reduced, particularly when a segment ofjejunum was resected along with the terminal ileum (two-thirds distal small bowel resection- fig. 1 ). The reabsorption of small quantities of bile acids after such resection indicates that the ileum is not the exclusive site for bile acid reabsorption, and indeed recent studies in the rat (Perry, White, and Dowling, 1972) have shown first that the jejunum can normally absorb appreciable quantities of bile acids, probably by passive non-ionic diffusion (Small and Dietschy, 1968) , and secondly that following ileal resection there is an adaptive increase in jejunal bile acid reabsorption, presumably as a result of 'compensatory' mucosal hyperplasia which increases the absorptive surface. oxidized to oxalic acid and excreted by the kidneys to produce hyperoxaluria, and occasionally calcium oxalate renal stones which have recently been observed in several groups of patients with ileal dysfunction (Hofmann, Thomas, Smith, and McCall, 1970; Dowling, Rose, and Sutor, 1971; Admirand, Earnest, and Williams, 1971) . This, at least, was the original theory proposed to explain the secondary hyperoxaluria which frequently complicates ileal resection. Our initial experience of this syndrome at the Hammersmith Hospital has recently been expanded, and in a series of 22 patients with ileal disease or resection approximately 66 % of patients had hyperoxaluria as defined by a 24-hour urinary oxalate excretion exceeding 40 mg/24 hours.
If bile acid glycine was indeed the precursor of urinary oxalate in these patients, then by reducing the proportion of bile acids conjugated with glycine in favour of taurine, one should be able to prevent the increased urinary oxalate excretion. Although taurine feeding has occasionally reduced urinary oxalate excretion (Admirand et al, 1971) , we (Chadwick, Modha, and Dowling, 1972a) and others (Smith, Fromm, and Hofmann, 1972) have been unable to confirm our initial observation on one patient (Dowling et al, 1971 ) that taurine feeding abolishes this secondary form of hyperoxaluria.
To 9) . Assuming that dietary oxalate is absorbed to the same extent as the 14C-isotope, the enhanced oxalate absorption shown in fig 9 is adequate to explain the hyperoxaluria in patients with this syndrome. A logical conclusion is that such patients should benefit from a low oxalate diet and preliminary results suggest that this is indeed a simple and effective therapy (Chadwick, Modha, and Dowling, 1972b) . Thus, although the original hypothesis that bile acid glycine is the precursor of urinary oxalate in patients with ileal resection does not appear to be correct, altered bile acid metabolism may still explain the hyperoxaluria seen in this syndrome. Physiological concentrations of bile acids in the jejunal lumen have been shown to inhibit water and electrolyte transport, both in experimental animals (Harries and Sladen, 1972; Teem and Phillips, 1972) and in man (Wingate, Phillips, and Hofmann, 1972 
Fig 9 Thirty-six-hour urinary excretion of '4C-oxalate in control subjects and in ileal resection patients with and without hyperoxaluria after an oral dose of 14C-oxalate (Chadwick et al, 1972a R. Harmon Dowling causes bile acid malabsorption and, although hepatic bile acid synthesis and jejunal bile acid reabsorption both increase to compensate for bile acid loss, the net effect is depletion of the bile acid pool with reduced bile acid concentrations in bile. The questions arise, therefore, whether ileal disease or resection impair cholesterol solubility in bile and whether patients with Crohn's disease, radiation ileitis, or ileal resection suffer an increased risk of cholesterol gallstone formation. The composition of bile, as measured in bile-rich duodenal fluid aspirated from the duodenum of fasting subjects following intravenous cholecystokinin, was therefore measured in control subjects and in patients with ileal resection (Dowling, Bell, and White, 1972) . In control subjects the bile salt, cholesterol, and phospholipid content of bile when plotted on triangular coordinates as described by Admirand and Small (1968) , and illustrated in fig.  1Oa , fell within the limits of cholesterol solubility as The cuirved line indicates the limits of cholesterol solubility in bile (Admirand and Small, 1968) (fig lOc) . The results of these studies provide a rational explanation for the clinical observation first made by Heaton and Read (1969) , and subsequently confirmed by Cohen, Kaplan, Gottlieb, and Patterson (1971) , that patients with ileal dysfunction have a much greater prevalence of gallstones than matched control subjects.
The formation of supersaturated bile and the subsequent development of gallstones in patients with ileal dysfunction is an example of secondary cholelithiasis. Such patients have a diminished bile acid pool. It is probable that diminution of the bile acid pool size is the basic defect in the formation of supersaturated bile in primary cholelithiasis in patients who have an apparently normal intestinal tract (Vlahcevic, Bell, Buhac, Farrar, and Swell, 1970; Danzinger, Hofmann, Schoenfield, and Thistle, 1971 ).
GALLSTONE DISSOLUTION
If depletion of the bile acid pool is the fundamental defect leading to the formation of a supersaturated bile, then expansion of this pool by bile acid feeding should both correct the defect and promote gallstone dissolution. In 1971 Thistle and Schoenfield studied the Chippewa, one of several North American Indian tribes whose women have an extremely high incidence of cholesterol gallstones, and showed that by feeding the primary bile acid, chenodeoxycholic acid, to young Chippewa women with supersaturated bile before they developed gallstones, the abnormality in bile composition could be reversed. In further studies from the Mayo Clinic, Danzinger et al (1972) showed that chenodeoxycholic acid in a dose of 0.75-4.5 g/day promoted gallstone dissolution in four of seven patients. The results of our own experience with this form of treatment in patients with presumed cholesterol gallstones have recently been published (Bell, Whitney, and Dowling, 1972 group.bmj.com on June 21, 2017 -Published by http://jcp.bmj.com/ Downloaded from patients suffer initial diarrhoea, presumably related to exogenous bile acids reaching the colon where they exert a cathartic effect. Hepatic dysfunction is a potential complication of this form of treatment, but apart from a slight increase in the serum isocitrate dehydrogenase (EC 1.1.1.42), which seems of doubtful clinical significance, there have been no other abnormalities of hepatic function tests. Theoretically hypercholesterolaemia might be expected to complicate 'medical' gallstone treatment for two reasons: first, exogenous bile acid feeding might be expected to block endogenous bile acid synthesis from cholesterol; and secondly, bile acid feeding could possibly promote increased dietary cholesterol absorption. However, to date there have been no changes in fasting serum cholesterol levels measured at monthly intervals during treatment.
From the results of these preliminary studies it seems that chenodeoxycholic acid therapy both enhances cholesterol solubility in bile and promotes gallstone dissolution. It remains to be seen whether these beneficial effects are confined to chenodeoxycholic acid, or whether they are shared by other primary and secondary bile acids. The duration of treatment and the optimum dose of bile acid to be used have yet to be established. Whether cessation of therapy will result in a 'relapse' in bile composition and, if so, whether gallstones will re-form are problems which have yet to be answered.
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